Abstract The territorial marking fluid of the male Bengal tiger, Panthera tigris, consists of a mixture of urine and a small quantity of lipid material that may act as a controlledrelease carrier for the volatile constituents of the fluid. Using gas chromatography and gas chromatography-mass spectrometry, 98 volatile compounds and elemental sulfur were identified in the marking fluid. Another 16 volatiles were tentatively identified. The majority of these compounds were alkanols, alkanals, 2-alkanones, branched and unbranched alkanoic acids, dimethyl esters of dicarboxylic acids, γ-and δ-lactones, and compounds containing nitrogen or sulfur. Several samples of the marking fluid contained pure (R)-3-methyl-2-octanone, (R)-3-methyl-2-nonanone, and (R)-3-methyl-2-decanone, but these ketones were partly or completely racemized in other samples. The γ-lactone (S)-(+)-(Z)-6-dodecen-4-olide and the C 8 to C 16 saturated (R)-γ-lactones and (S)-δ-lactones were present in high enantiomeric purities. The chiral carboxylic acids, 2-methylnonanoic acid, 2-methyldecanoic acid, 2-methylundecanoic acid, and 2-ethylhexanoic acid were racemates. Cadaverine, putrescine, and 2-acetylpyrroline, previously reported as constituents of tiger urine, were not detected. The dominant contribution of some ketones, fatty acids, and lactones to the composition of the headspace of the marking fluid suggests that these compounds may be important constituents of the pheromone. Although it constitutes only a small proportion, the lipid fraction of the fluid contained larger quantities of the volatile organic compounds than the aqueous fraction (urine). The lipid derives its role as controlled-release carrier of the chemical message left by the tiger, from its affinity for the volatiles of the marking fluid. Six proteins with masses ranging from 16 to 69 kDa, inter alia, the carboxylesterase-like urinary protein known as cauxin, previously identified in the urine of the domestic cat and other felid species, were identified in the urine fraction of the marking fluid.
survival are some vegetative cover, a supply of water, and sufficient prey (Schaller 1967) . Tigers are normally solitary animals but occasionally travel in groups of four to eight (Schaller 1967) . They use different sounds, postures, and gestures to communicate with each other when they are together (Leyhausen 1960) . Although vocal communication is the main form of communication, they vocalize relatively infrequently (Schaller 1967) . Because of their nocturnal and solitary habits, they make extensive use of semiochemical communication, in which urine and feces appear to be the main vectors of the semiochemicals. Urine mixed with scent gland secretions is sprayed as a territorial marking fluid on conspicuous objects. Apparently, it is a common way of signaling that another tiger is in the vicinity, providing a visitor the opportunity to avoid conflict (Leyhausen and Wolff 1959) . It is thought that these scent marks are a major source of information, revealing how recently a tiger has passed by, its gender, and in the case of a female, whether she is sexually receptive. Both sexes mark territories, but a male's territory may overlap several females' territories (Schaller 1967) . Females scent mark intensively just prior to estrus. This behavior is reduced during estrus. Males, on the other hand, mark more frequently when females are in estrus than during other stages of the females' cycle (Smith et al. 1989) . Another source of semiochemicals is the strong-smelling secretion produced by the anal glands, which, when mixed with the feces, is also used to mark territory. Because there is no connecting channel between the urinary tract and the anal gland (Hashimoto et al. 1963) , it has been concluded that the marking fluid does not contain anal gland secretion (Brahmachary and Dutta 1987) . Brahmachary and Dutta (1979) described some of the chemical and physical properties of the animal's marking fluid. 2-Phenylethylamine (Brahmachary and Dutta 1979) and 2-acetylpyrroline (Brahmachary 1996) were identified as two of the compounds responsible for the characteristic odor of the animal's urine. This odor was less persistent in the absence of the lipid fraction of the fluid (Brahmachary et al. 1990 ). The lipid material consists of a complex mixture of, inter alia, long-chain free and esterified saturated and unsaturated fatty acids and alcohols with carbon chains of 14 to 22 carbon atoms (Poddar-Sarkar 1996) .
In bioassays carried out during investigation into the semiochemical role of the urine of the cheetah, Acinonyx jubatus (Burger et al. 2006b ), it was observed that whereas a male Bengal tiger showed minimal interest in the cheetah's urine and in various other odorants used as controls, it immediately attempted to overmark a mixture of a few of the synthetic constituents of its own marking fluid. These constituents have not been reported in earlier studies on the tiger's marking fluid, suggesting that some constituents of the marking fluid were not detected in previous studies. In this paper, we report our attempts at a comprehensive chemical characterization of the volatile organic fraction of the tiger's marking fluid and results of behavioral experiments with synthetic constituents of the marking fluid, as far as this was feasible with one pair of tigers in captivity.
In what follows, the lipid and aqueous fractions of the marking fluid will be referred to as the lipid fraction and urine, respectively.
Methods and Materials
General All Pyrex glassware used in the handling of biological material and extracts and in the preparation of reference compounds was heated to 500°C in an annealing oven to remove traces of organic material. Dichloromethane (Pestanal Grade, Riedel-de Haën, Seelze, Germany) was analyzed by gas chromatography (GC) and found to be pure enough for extraction purposes when used in small quantities. Syringes, stainless steel needles, and other tools were cleaned by rinsing with this solvent.
Collection of Marking Fluid A pair of Bengal tigers was available for the present study at the Tygerberg Zoo near Cape Town, South Africa. Shortly before completion of our research, the female had a cub, and although she must have been in estrus during the period the work was carried out, it is not known whether the intermittent collection of marking fluid from the male on occasion coincided with estrus in the female. Spraying behavior could not be induced in the female, but marking fluid was obtained from the 5-year-old male as follows. One edge of an aluminum sheet (100× 500×2 mm) was folded over to form a small gutter on that side. A hole was made at one end in the bottom of the gutter while pressing the aluminum outward to form a funnel through which the marking fluid could flow into a 100-ml glass bottle. The collection device was thoroughly cleaned with soap and water, rinsed with methanol, and heated with an industrial paint stripper. The device was suspended on the outside of the steel mesh of the tiger's cage with the fluidcollecting channel facing toward the cage and at an angle that allowed the fluid to flow into the bottle. To induce the tiger to spray its marking fluid toward the collection device, various odorants (see "Results and Discussion") were applied to the back of the aluminum. Thus, a filter paper loaded with a dilute solution of a compound (1 μl in 1 ml of dichloromethane) or a mixture of compounds (10 μl in 2 ml of dichloromethane) was taped to the back of the aluminum. The collected marking fluid was stored at −20°C until it was used for the experiments.
Analytical Methods GC analyses were carried out with Carlo Erba 4200 and 5300 gas chromatographs equipped with flame ionization detectors and split/splitless injectors, operated at 220°C and 280°C, respectively, and with cool on-column injectors. Hydrogen was used as the carrier gas (50 cm/sec at 40°C).
The capillary columns used in this project were manufactured in the Laboratory for Ecological Chemistry (LECUS, Stellenbosch University) and were provided with integrated retention gaps of 1 to 2 m. Column A (glass, 40 m×0.25 mm inner diameter [i. Extracts of the urine and solutions of reference compounds were injected in split mode at a column temperature of 30°C to cold trap the volatiles entering the column. Column A was then programmed at 2°C from 40°C to 250°C (hold 10 min) and column B at 2°C from 40°C to 280°C (hold 10 min). Enantioselective columns C and D were programmed at 1°C from 40°C to 200°C and to 220°C, respectively, and column E at 1°C from 40°C to 140°C. The preparative column F was programmed with an isothermal period during which the particular target analyte was collected.
Synthetic 3-methyl-2-alkanones were purified by preparative GC on column F, collecting fractions manually (Burger et al. 2008) . Preparative chromatography on enantioselective column C gave the pure enantiomers of synthetic 3-methyl-2-octanone (10). A sample enriched 2:1 with respect to the (R)-enantiomer with the shorter retention time on column C was used for the synthesis of 2-methylheptanoic acid enriched with respect to the secondeluting (R)-enantiomer.
Electron impact mass spectra (EIMS) were obtained at 70 eV on a Carlo Erba QMD 1000 GC-mass spectrometry (MS) instrument by using columns A to E with helium as the carrier gas (28.6 cm/sec at 40°C). The GC-MS interface and ion source temperatures were 250°C and 180°C, respectively. Methane was used as reactant gas at a source-chamber pressure of about 2×10 −4 torr to obtain low-resolution chemical ionization spectra.
Quantitative analyses were done with the above GC and GC-MS instruments with on-column sample introduction, using the 11 homologous ketones from 2-heptanone to 2-heptadecanone as external standards.
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded in CDCl 3 on Varian VNMR-300 or ANOVA-400 spectrometers at 25°C, or on a Bruker AMX-400 instrument at 27°C. Chemical shifts are given in parts per million (δ) relative to CDCl 3 (7.26 and 77.04 ppm for 1 H and 13 C NMR, respectively).
Solvent Extraction of the Volatile Organic Constituents
The urine and lipid fractions of the marking fluid were separated by centrifuging 58.47 g of the collected marking fluid for 15 min at 3,000 rpm. The aqueous layer (urine) was removed with a syringe. During further prolonged centrifugation of the lipid fraction, the temperature of the material increased to about 30°C, and a supernatant layer of clear, almost colorless oil was formed. This was separated from a further small volume of urine, which was combined with the previous urine fraction. The supernatant oil (0.45 g) and the combined urine fractions (58 g) were stored at −20°C until analyzed. Using centrifugation to facilitate separation of the phases, the organic material was repeatedly extracted from a sample (33.8 g) of the urine with 3-ml aliquots of dichloromethane, monitoring the removal of the organic material by GC-MS analysis. The extraction was terminated after the 15th extraction cycle. The combined extracts (approximately 40 ml) were concentrated to about 60 μl by slow evaporation of the solvent under nitrogen atmosphere, without blowing nitrogen directly into the vial containing the extract (Reiter et al. 2003) . As the solvent was evaporated, the extract was transferred to increasingly smaller vials. Aliquots of 1.0 μl of the concentrated solution were analyzed by GC and GC-MS.
A second sample of marking fluid was centrifuged to separate the lipid and urine fractions. The urine was subjected to five extraction cycles with methyl tert-butyl ether (Extra pure, Merck, Darmstadt, Germany). The combined extracts were concentrated under argon atmosphere to 50 μl. Aliquots were used for the determination of double-bond positions in the unsaturated constituents by dimethyl disulfide (DMDS) derivatization and GC-MS analysis (Vincenti et al. 1987) .
A further urine sample (8.87 ml) was partitioned twice with methyl tert-butyl ether, and the combined extracts were concentrated to 7 μl and used for the quantitative determination of the sulfur content of the urine fraction by using elemental sulfur as the external standard.
Headspace Analysis A sample enrichment probe (SEP; MasChrom Analisetegniek, Stellenbosch, South Africa) was used to collect volatile organic constituents from the headspace of both the unprocessed marking fluid and the urine fraction for GC and GC-MS analyses. This was done by exposing the sorptive phase of the SEP (28 mg of polydimethylsiloxane rubber) to the headspace of, for example, a fresh sample of the urine (e.g., 46.67 g) at 40°C for periods of 15 to 48 hr. The volatile compounds were desorbed at 220°C in the GC-MS injector, leaving the probe in the injector until completion of the analysis (Burger et al. 2006a ).
Solventless Sample Introduction of the Lipid Fraction The lipid phase of the marking fluid was analyzed by GC and GC-MS for its volatile organic content using the injectorinternal thermal desorption technique (Biedermann et al. 2005) . Aliquots of approximately 3 to 4 mg of the lipid material were applied to the inside wall of an injector liner containing just enough silylated glass wool to prevent the lipid sample from running down the liner to the bottom of the injector. The liner was installed in the injector at 220°C, the carrier gas was turned on, and the analysis was completed in the usual manner.
Protein Analysis The urine fraction of the marking fluid used for protein analysis was kept frozen in an Eppendorf tube at −80°C until analyzed. The protein content of the urine was estimated according to Bradford (1976) using bovine serum albumin as the standard. Prior to gel electrophoresis, proteins from lipid-free urine were concentrated, and the proteins were precipitated by adding an equal volume of 20% trichloroacetic acid to each sample. The samples were left on ice for 1 hr and then centrifuged for 15 min at 4°C and 16,000×g. The supernatant was removed, the pellet was washed with 300 μl of ice-cold acetone, and the suspension was centrifuged as before. The supernatant was removed, and the pellet was dried, resuspended in sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) loading buffer, denatured by heating at 65°C for 3 min, and loaded onto the gel. The proteins were analyzed by denaturing PAGE (12% SDS PAGE; Laemmli 1970) and stained with Coomassie blue according to Sambrook et al. (1989) . In-gel digestion with trypsin was performed according to published methods (Shevchenko et al. 1996) . The resulting partially digested peptides were separated on a Waters CapLC instrument fitted with an Atlantis dC18 column (150 mm×100 μm, bead size 3 μm). The peptides were loaded in 2% acetonitrile/0.2% formic acid (solvent A), and the column was eluted by using a linear gradient from 3% of solvent B (98% acetonitrile/0.2% formic acid) to 100% of solvent B in 50 min at a flow rate of 1.5 μl/min. MS/MS data of the eluting peptides were acquired from m/z 400 to 1,995 at 0.5 sec per scan and an interscan delay of 0.1 sec by nano-electrospray quadrupole time-of-flight MS (Waters API Q-TOF Ultima). The resulting data were analyzed by the Matrix software. Fragments were sequence identified by database searches against publicly available mammalian databases using the Mascot search engine (Perkins et al. 1999 ) and confirmed using the Basic Local Alignment Search Tool (BLAST; Altschul et al. 1990 ). Probability-based MOWSE (Perkins et al. 1999 ) scores were estimated by comparing searched results against an estimated random match population and were reported as −10×log 10 (P), with P as the absolute probability.
Reference Compounds Most of the compounds required for comparison with constituents of the marking fluid were purchased from Sigma-Aldrich (Cape Town) or other chemical suppliers or were synthesized during previous research projects. The syntheses of 3-methyl-2-octanone (10), 3-methyl-2-nonanone (14), (R)-2-methylheptanoic acid, 2-methylnonanoic acid (77), 2-methyldecanoic acid (84), 2-methylundecanoic acid (89), dimethyl succinate (33), dimethyl glutarate (43), dimethyl adipate (55), N-benzylidenepentylamine (51), N-pentylurea (104), N-benzylidene-2-phenylethylamine (117), and (S)-(+)-(Z)-6-dodecen-4-olide (86) are described in the Supplementary Information for this article.
Results and Discussion
In a project aimed at finding ways to count cheetah in the wild, Balme (2005) found that the animals were attracted to various perfumes, notably to Obsession for Men by Calvin Klein. To obtain territorial marking fluid for the present research, attempts were made to elicit territorial marking behavior by both the male and the female tigers, by applying different odorants to the back of the aluminum sheet that was used to collect the marking fluid. The male tiger reacted to dodecan-4-olide (85), (Z)-6-dodecen-4-olide (86), the perfume Elle (Paco Rabanne), and a synthetic mixture of the compounds that were identified early in the investigation (mixture A, Table 1 ) by spraying urine/ marking fluid in the direction of the collection device, but it ignored DMDS, musk ambrette (Haarman & Reimer, Johannesburg), and the perfume Romance (Ralph Lauren). No clear relationship between the unpleasantness of an odor (to the human nose) and the reaction of the tiger was observed. As could be expected, the tiger marked more readily just after his cage had been cleaned. Marking behavior was stimulated most by the synthetic mixture and by the perfume Elle. The major constituents of this perfume were not detected in the marking fluid that was collected when this perfume had been used to induce spraying behavior, proving that the collected fluid was not contam-inated by the stimulant. Generally, relatively small volumes of the marking fluid were recovered, largely because the tiger usually started spraying before having fully turned his back on the collection device. Nevertheless, on two occasions, it was possible to collect 100-ml quantities of fresh fluid. In contrast to the cheetah, A. jubatus, which avoided turning its back on its reflection in the shiny aluminum surface, the tiger sprayed more readily after having inspected the shiny surface than when it was presented with a surface sprayed with green lacquer.
When left standing, the marking fluid separated into two layers: a bottom urine layer and a small upper layer of offwhite material. Centrifugation and separation of the urine from the upper layer produced a supernatant layer of clear, viscous oil.
Two sample preparation and introduction techniques were employed for GC and GC-MS analyses. The first of these, a simplified version of the recently developed highcapacity SEP (Burger et al. 2006a) , was used to collect the volatile constituents from the headspace of the urine fraction and to introduce the resulting sample into the injector of the GC or GC-MS instrument. The implementation of the simplified version of the SEP technique does not require modification of the injector of the GC. In general practice and depending on the application, this technique could be more efficient than collection by solidphase microextraction (SPME) by about two orders of magnitude (Burger and Herbert, unpublished results) . The total ion chromatogram (TIC) obtained in a typical SEP analysis of the urine headspace is depicted in Fig. 1 . The prominent peaks in the lower retention time range were from alcohols, aldehydes, ketones, and fatty acids, whereas γ-lactones (alkan-4-olides) and δ-lactones (alkan-5-olides) constitute some of the most prominent peaks at higher retention times. A comparison of the headspace analyses of the urine and of the whole marking fluid revealed that these liquids gave TICs with similar constituent profiles. For conventional GC and GC-MS analyses and for retention time comparison, the organic material was extracted from the urine fraction of the marking fluid with dichloromethane. Biedermann et al. (2005) recently introduced a GC sample introduction technique, described as injector-internal thermal desorption, in which volatile organic analytes present in heavy, relatively nonvolatile oils are vaporized in the injector of the gas chromatograph, cold-trapped on the column, and analyzed in the usual manner. In this technique, the heavy oil serves as a nonvolatile solvent. If samples exceeding a critical volume are injected, the oil can run down the injector liner, and some volatile material could thus be lost. This could be a problem in quantitative analysis. However, this problem can be minimized by using a small plug of silylated glass wool in the liner to support the oil at that point. By using injector-internal thermal desorption as a sample introduction technique, excellent qualitative and quantitative results were obtained in GC and GC-MS analyses of the neat lipid fraction of the marking fluid.
The territorial marking fluid of the male Bengal tiger contained a complex mixture of compounds, distributed between the aqueous (urine) and lipid phases of the fluid. The analytical problems resulting from the presence of these two phases and particularly the coelution of a large percentage of the volatile organic constituents of the marking fluid were compounded by the presence of a number of fatty acids that eluted as broad distorted peaks from the apolar capillary columns. Therefore, most of the GC and GC-MS analytical work was done on a capillary column coated with the polar phase AT-1000 (FFAP equivalent) from which the carboxylic acids eluted as sharp peaks, minimizing overlap of the carboxylic acid peaks with those of other constituents. Polar compounds (e.g., amides) eluted later than related but less polar compounds with higher molecular masses (e.g., certain N-or C-alkylsubstituted amides) from this phase. AT-1000 is also slightly acidic, resulting in some of the nitrogen-containing compounds eluting as broad, fronting peaks or, in some cases, not eluting at all. Thus, although N-benzylidenepentylamine (51) was present in TICs obtained with this column and with column C, this compound and Nbenzilidene-2-phenylethylamine (117) were identified by using the apolar column B.
Samples of the marking fluid collected over a period of 3 years ranged in size from a few milliliters to 100 ml. The fluid contained varying proportions of the lipid phase, and little or no lipid was present in the smaller samples that were collected, probably because some of the viscous lipid material adhered to the collection apparatus. Analytical techniques were developed that would give a reliable picture of the qualitative and quantitative composition of the animal's marking fluid. These techniques were then used to analyze fresh marking fluid that was free from contaminants and which contained a relatively high proportion of the lipid material to obtain a comprehensive picture of a typical sample of the fluid. Thus, crude samples were subjected to SEP-GC and -GC-MS analyses, after which the lipid material was separated from the urine and analyzed by GC and GC-MS by using solventless sample introduction. The organic material was exhaustively extracted from samples of the urine fraction with dichloromethane or methyl tert-butyl ether, and the extracts were analyzed by using split injection (GC and GC-MS) or oncolumn sample introduction (quantitative GC). The relevant qualitative and quantitative data are given in Table 1 .
We tried to use DMDS derivatization of unsaturated compounds and GC-MS analysis of the derivatives (Vincenti et al. 1987) to determine the positions of double bonds in Table 1 Compounds identified and quantified in the urine fraction, the headspace of the urine fraction, and the lipid fraction of the territorial marking fluid of the male Bengal tiger Number in Fig. 1 the unsaturated constituents of the fluid. However, the major unsaturated compounds were not quantitatively derivatized and appeared unchanged in the TIC of the reaction product, and the minor unsaturated constituents were not detected, either as the unchanged compounds or as their derivatives. Using a larger sample of the extract and a larger excess of the reagents, the derivatives of the major unsaturated compounds were still formed in very low yields. No unchanged compounds were detected in the TIC, even when a large sample (6 μl) of the final product was analyzed. Fortunately, information on the positions of the double bonds in the unsaturated γ-lactone (86) and 9-hexadecenoic acid (112) was obtained in both of these experiments. In a repetition of the experiment with a sample of the lipid fraction, the iodine and probably also the DMDS were rapidly consumed and had to be replenished several times. Only the DMDS derivative of 9-hexadecenoic acid was detected in the product. Thus, some of the other compounds extracted from the urine or present in the lipid appear to interfere with the reaction. The double bond positional and geometric (E/Z) isomers of long-chain unsaturated compounds are not always completely resolved in capillary GC-MS analyses. Thus, although these compounds coeluted with authentic synthetic reference compounds, some of them are listed as tentatively identified in Table 1 if the positions of their double bonds could not be conclusively established. A larger number of compounds were identified in the urine fraction by using the SEP sample introduction technique than by conventional injection of an extract of the urine. These differences are the result of the differences in sensitivity of these methods for compounds that differ in volatility and polarity. The SEP technique particularly facilitated the analysis of highly volatile constituents, and the profile of the volatiles obtained with this method probably gives a more accurate picture of the composition of the semiochemical message released by the tiger's marking fluid than information obtained by other methods. Regardless of the sampling technique used, GC-MS analysis showed the volatile fraction of the marking fluid to be complex, with a coelution of many constituents. Thus, although constituents were quantified by using GC data, (Fig. 1) , although all compounds were not detected with each of the three analytical methods used. b Stereochemical information on chiral compounds is given in Table 2 . c a GC-EIMS data, b retention time comparison with synthetic compounds, c not detected or values lower than 0.03 ng, d tentative identification, e retention time increment comparison, f GC-CI(CH 4 )MS data, g double bond location by DMDS derivatization and GC-MS analysis, h nitrogencontaining compounds were collected by SEP from the headspace of the urine fraction and analyzed using the apolar capillary column B, i identified in the material collected by SEP from the headspace of several samples of the marking fluid. Extraction with methyl tert-butyl ether from a urine fraction (8.87 ml) and GC-MS analysis using sulfur as external standard gave a sulfur concentration of 80 ng/ml urine d GC and GC-MS analyses of volatile organic constituents collected from the headspace of 46.67 g of urine for 20 hr at 40°C using a SEP. Quantitative data were normalized with respect to dodecan-4-olide as 100%. e GC and GC-MS analyses of the volatile organic material extracted with dichloromethane from 33.8 g of the urine fraction of the marking fluid. Extract concentrated to 60 μl and 1 μl injected on-column. The 11 homologous ketones from 2-heptanone to 2-heptadecanone were used as external standards. Quantitative data in nanograms per 33.8 g of urine f GC and GC-MS analyses using sample introduction by injector-internal thermal desorption of 3.28 mg of the 262.2 mg of lipid fraction separated from the above urine fraction. Alkanones were used as external quantitative standards. Quantitative data in nanograms per 262.2 mg of lipid material g Stereochemistry not determined
qualitative and quantitative GC-MS data were considered to avoid incorrect assignment of peaks and to quantify overlapping or coeluting peaks. GC-MS data were also used to determine the enantiomeric composition of chiral compounds. Because samples collected on different occasions were normally not pooled for analysis and different sample preparations, different sample introduction techniques, and different columns were employed in this research, the quantitative results reported in Table 1 have to be considered with some circumspection. The different ratios in which some compounds, belonging to the same compound class, were present in the urine and lipid fractions have not yet been investigated. It is nonetheless clear that the overall qualitative and quantitative picture differs substantially from the published information on the composition of the marking fluid of the tiger discussed in the introduction. A comparison of the results of the quantitative analyses of the urine and lipid fractions of one typical sample of the marking fluid reveals that if squalene is excluded from the equation, 0.45 g of the lipid fraction contains about seven times the amount of volatile organic material extracted from the associated urine fraction (58 g), illustrating the high affinity of the lipid material for the volatile organic constituents of the marking fluid, which probably enhances the lifetime of a territorial mark.
Perhaps the most remarkable feature of the results reported here is the large number of lactones present in the marking fluid. Some of these lactones have relatively low vapor pressures and will persist in territorial marks, although they may not be the major active constituents of the territorial marking pheromone. The major constituents of the headspace of the urine fraction and of the whole marking fluid were 2-heptanone (6), 2-nonanone (11), 2-undecanone (32), decanoic acid (83), (Z)-9-dodecenoic acid (96), hexadecanoic acid (111), dodecan-4-olide (85), (Z)-6-dodecen-4-olide (86), decan-5-olide (75), dodecan-5-olide (88) and, in some analyses, the nitrogen compounds Nbenzylidenepentylamine (51), 2-phenylethylamine (116), and N-benzylidene-2-phenylethylamine (117). Cadaverine and putrescine, reported as constituents of tiger urine (Brahmachary 1986 ), were not detected in our study, possibly because animals in the wild will occasionally eat putrid meat containing these compounds, whereas the animals used in this project were only fed fresh chicken. 2-Acetylpyrroline, mentioned as a constituent of tiger urine in several publications (e.g., Brahmachary 1996), also was not detected in our study. However, Brahmachary (1996) suggested that this compound could possibly be an artifact formed by a Maillard reaction during sample preparation. The two imines, N-benzylidenepentylamine (51) and Nbenzylidene-2-phenylethylamine (117), and N-pentylurea (104) identified in the present study might also be artifacts formed at the high temperature in the GC injector from amines and carbonyl compounds present in the tiger's marking fluid. This possibility was not investigated, but it could be responsible for the variable quantitative results obtained for these compounds under different analytical conditions. Elemental sulfur was not found in the sample of marking fluid under discussion, but it was present in most of the analyses of SEP-collected material. In a methyl tertbutyl ether extract of the urine fraction, it was present in a concentration of 80 ng/ml of urine. Elemental sulfur eluted from column A as a broad and fronting peak, extending over a retention time range of about 5 min, at about the retention time of tetradecan-5-olide (100). Sulfur has previously been identified in the urine of the cheetah, Acynonix jubatus (Burger et al. 2006b ).
Except for a few minor terpenoids, the 3-methyl-2-alkanones and 2-methylcarboxylic acids, 2-ethylhexanoic acid, and a series of γ-alkylsubstituted γ-lactones and δ-alkylsubstituted δ-lactones were the only chiral constituents identified in the marking fluid. No information is available on the order of elution of the enantiomers of 3-methyl-2-alkanones from chiral columns. However, it is known that (S)-2-methylheptanoic acid, for example, elutes before the (R)-enantiomer from the phase used in column C (Maas et al. 1994a ). Thus, iodoform oxidation of the first-eluting enantiomer of 3-methyl-2-octanone produced the secondeluting (R)-enantiomer of 2-methylheptanoic acid. The first-eluting enantiomer of the ketone therefore has (R) configuration. In a repetition of this experiment with a 2:1 mixture of the ketone enantiomers, the presence of the other enantiomer of the ketone in the product served as retention time references and ruled out any possibility of incorrect interpretation of the results. By using GC-MS analysis of the SEP-collected volatiles on the enantioselective column C, in conjunction with cochromatography of the enriched material and racemic synthetic samples, and by using the base peak at m/z 72 in the mass spectra of these compounds for quantification, it was found that in some samples, these ketones had racemized, but that pure (R)-3-methyl-2-octanone (10), (R)-3-methyl-2-nonanone (14), and (R)-3-methyl-2-decanone (26) were present in most samples (Table 2) .
In GC-MS analyses that used column C, the chiral carboxylic acids 2-methylnonanoic acid (77), 2-methyldecanoic acid (84), and 2-methylundecanoic acid (89) were all found to be racemates. 2-Ethylhexanoic acid (62) eluted from column E as the racemate. The enantiomeric 2-methylcarboxylic acids were separated on column C with resolutions (R S ) varying from 2.7 for 2-methylnonanoic acid to 2.5 for 2-methylundecanoic acid. These acids were eluted from the nonpolar enantioselective column D as broad and barely resolved peaks. It is unlikely that these acids were racemized during handling because they are expected to be less susceptible to racemization at pH 6.5 than the ketones discussed above.
The enantiomers of the saturated γ-and δ-lactones were resolved on column D with relatively high R S values, ranging from 4.9 for the C 8 to 2.4 for the C 16 γ-lactones and from 1.9 for the C 9 to 1.1 for the C 16 δ-lactones. According to Maas et al. (1994b) , the (R)-γ-lactones and (S)-δ-lactones under discussion elute before the respective (S)-and (R)-enantiomers from this phase. The elution order of the lactone enantiomers was confirmed by comparing published data (e.g., Mosandl et al. 1989 ) with analyses on column D of the headspace volatiles of strawberries and raspberries, which contain the enantiomers of some of the γ-and δ-lactones present in the marking fluid. The results of the enantioselective analyses of the lactones are given in Table 2 . The enantiomeric ratios of the C 5 and C 6 lactones were not determined because they were present in insufficient concentrations. The majority of five marking fluid samples and two mixtures of, respectively, three and eight smaller samples contained the (R)-γ-and (S)-δ-lactones (enantiomeric ratios are given in order of elution) in such high enantiomeric purities that it can be assumed that these lactones are excreted as the pure enantiomers (see Table 2 ).
The racemization of the chiral constituents of the marking fluid has not yet been investigated. However, some of these samples had spent 15 hr or more at 40°C for the SEP collection of volatiles for qualitative and/or quantitative analyses before the enantioselective analyses were done, and it is possible that the variation in enantiomeric ratios could be explained in terms of some racemization having taken place under these conditions.
The position of the double bond in the unsaturated γ-lactone, (Z)-6-dodecen-4-olide (86), was determined by MS analysis of its DMDS derivative. The (S)-and (R)-enantiomers (in the order of elution) were separated (R S 1.6) on column D. In contrast to the saturated γ-lactones, the (R)-enantiomer eluted first from this column. (S)-(+)- In this animal, the lactone does not originate in the tarsal structure itself but is extracted from the animal's urine by the tarsal tuft (Müller-Schwarze et al. 1977) . Because only one pair of captive Bengal tigers was available for this research, little time was devoted to bioassays of the identified compounds. Nevertheless, we tested the major volatile constituent of the marking fluid, dodecan-4-olide, which elicited overmarking behavior, provided that bioassays were not done more often than about once per day. A small sample of synthetic marking fluid, the composition of which is given in Table 1 (mixture  B) , can be made available to researchers for field tests with tigers living in the wild.
The extraction of volatiles from the urine was complicated by the formation of a thin layer of semisolid material, probably denatured proteins, between the solvent and the urine. This solid material could not be fully characterized, but positive-and negative-ion electrospray time-of-flight MS revealed the presence of scores of compounds with molecular weights ranging from 80 to 750 Da. Although our primary goal was the identification of the volatile constituents of the marking fluid, we undertook an exploratory investigation into the possibility that proteins in the marking fluid could be involved in territorial marking in the tiger. The urine fraction of a sample of marking fluid contained proteins (0.318 mg/ml) with molecular weights ranging from 16 to 180 kDa. Nine electrophoretically separable protein bands were selected for peptide analyses, from which six proteins were identified (Table 3) .
Eight peptides representing 16% coverage of the serum albumin precursor of Felis silvestris catus (Miyazaki et al. 2003) were identified in the urine of P. tigris, with a high degree of sequence conservation for albumin between these species. Serum albumin is the most abundant plasma protein in mammals. Lazar et al. (2004) identified urinary albumin in the Asian elephant (Elephas maximus), where it binds the pheromone component (Z)-7-dodecenyl acetate and releases it via a pH change.
Carboxylesterase-like urinary excreted protein, also known as cauxin, is secreted in the urine of the domestic cat (F. silvestris catus), bobcat (Lynx rufus), and the lynx (L. lynx; Miyazaki et al. 2003 Miyazaki et al. , 2006a , and according to Miyazaki et al. (2006a) , this protein is not present in the urine of Panthera species. However, in the present study, cauxin was identified as one of the component proteins in the urine fraction of the Bengal tiger. Six peptides representing 20% coverage of the cauxin sequence were identified. All peptides fell within the esterase-, lipase-, and coesterase-conserved domains of cauxin (covering 23% and 22% of these domains, respectively) and showed 100% homology to the published F. silvestris catus sequence (Fig. 2) . Highly conserved amino acids in the substratebinding pocket and the catalytic triad were also represented, further confirming the identity of cauxin. The function of cauxin is not known, but Miyazaki et al. (2006b) suggested that it might regulate the production of felinine (2-amino-7-hydroxy-5,5-dimethyl-4-thiaheptanoic acid), a putative pheromone precursor in the domestic cat. Carboxylesterase and N-acylsphingosine amidohydrolase (acid ceramidase) catalyze reactions that form long-chain carboxylic acids. Acid ceramidase has previously been identified in human urine (Bernardo et al. 1995) . The presence of these enzymes possibly could explain the high fatty acid composition of the lipid fraction of the marking fluid. Two immunoglobulin peptides, (λ)-and (κ)-chain, were identified. These small polypeptide subunits are components of immunoglobulins, T cell receptors, CD1 cell surface glycoproteins, secretory glycoproteins, and major histocompatibility complex class I/II molecules and have previously been identified in the urine of rodents (Hurst et al. 2005) .
Transthyretin is known to act as a carrier protein for various molecules, including retinol (Monaco 2000) , and has been identified in rat urine (Wait et al. 2001) . Healthy mammals excrete small amounts of urinary proteins, and usually proteinuria is an indicator of renal abnormality (Raila et al. 2005) . However, several studies have proposed that urinary proteins are involved in chemical communication in mammals. The role of the major urinary proteins (MUPs) in the semiochemical communication of the house mouse, Mus domesticus, has been studied in great detail during the past decade (e.g., Novotny 2003) . For example, it was found that MUPs bind dehydro-exo-brevicomin and 2-(sec-butyl)-4,5-dihydrothiazole (Bacchini et al. 1992) , which elicits male aggression in the house mouse (Novotny et al. 1985) . It has also been suggested that the pattern of MUPs present in male urine may act as a type of individuality barcode that signals the identity of the owner of a particular scent mark (Beynon and Hurst 2003) . On the other hand, Miyazaki et al. (2006b) suggested that the excreted MUPs of the domestic cat act as an enzyme in the synthesis of putative pheromone precursors and not as carrier proteins.
